This study evaluated the prophylactic effects of the live or heat-killed probiotic strain Lactobacillus rhamnosus ATCC 7469 in Galleria mellonella, inoculated with Staphylococcus aureus or Escherichia coli. L. rhamnosus suspension was prepared and a part of it was autoclaved to obtain heat-killed lactobacilli. The larvae were inoculated of these suspensions and pathogenic. The survival of the larvae was observed during 7 days and after 24 h of inoculation haemocytes counted, melanization and nitric oxide production were analyzed. Larvae survival rate increased in the group inoculated with heat-killed L. rhamnosus, however, with no statistical difference. There was a significant increase in total haemocyte counts in all test groups. Haemolymph melanization and nitric oxide production were higher in the group inoculated with L. rhamnosus and infected with S. aureus. It was concluded that, in this model of infection, heat-killed L. rhamnosus ATCC 7469 promoted greater protection in Galleria mellonella infected with S. aureus or E. coli.
Introduction
Probiotics are living microorganisms that show beneficial effects on the host when administered in adequate quantities and they have attracted increasing interest in its beneficial effects (Nakayama et al. 2014; FAO; WHO 2001) . Scientific evidences demonstrate that these microorganisms, even when inactivated, positively influence host health (Taverniti and Guglielmetti 2011; Dash et al. 2015) . Probiotics have been used as a therapeutic alternative in inflammatory bowel diseases, and studies have shown that different probiotic bacterial strains have immunomodulatory effects (Harb et al. 2013; Dash et al. 2015; Jorjão et al. 2015) . Adams (2010) suggests that live probiotic cells may influence the gastrointestinal microbiota and immune response, whereas the dead cell components have an anti-inflammatory response in the gastrointestinal tract. Thus, variable amounts of dead or living cells could generate different responses, and the use of inactivated probiotic bacteria is considered safer.
The use of insects as models of experimental infection has shown great growth in research involving human pathogens an it has became a valuable alternative compared to animal models, which are currently more expensive and involve ethical conflicts (Junqueira et al. 2012) . Insects have a relatively advanced system of antimicrobial defenses because they have innate immune systems and hemolymph cells, which are able to encapsulate or phagocyte microbial invaders, as well as adaptive responses that include the induced production of lysozyme and small antimicrobial peptides (Ramarao et al. 2012) . Few studies have used this model to study the effects of probiotic bacteria (Vilela et al. 2015; Köhler 2015) .
Pathogenic microorganisms are very common and they are capable to colonize and infect tissues of the host and cause disease. There is increasing evidence that there is a mutual relationship between beneficial and pathogenic bacteria in the bowel of mammals and insects, which are controlled by the immune system. Deciphering these complex interactions between the intestinal microbiota and the immune system requires systems or models of infection, such as G. mellonella larvae (Köhler 2015) .
Thus, it is of great interest to enlarge the studies with G. mellonella on the action of alive or heat-killed probiotics to verify their influence on the immune response against a bacterial challenge. This study evaluated the effects of the alive or heat-killed probiotic strain Lactobacillus rhamnosus ATCC 7469 on Galleria mellonella, by means of survival curve of these larvae when treated with L. rhamnosus and challenged with S. aureus or E. coli, bacteria widely used in research in our laboratories and of different groups, as well as the influence in the response to these microorganisms, analyzing the total count of haemocytes, production of nitric oxide and hemolymph melanization.
Materials and methods

Galleria mellonella
Galleria mellonella is a species of lepidopteran insects, more specifically of moths, belonging to the family Pyralidae, holometabolic, oviparous. It occurs naturally in hives of bees, feeding on old wax, pollen and honey, eggs come caterpillars, which, after a series of transformations, reach full development. The last stage of the G. mellonella larval is used as an experimental model for the virulence studies of microorganisms and antimicrobial potency. In our study, caterpillars were used in our Invertebrate Laboratory of the Department of Bociences and Oral Diagnosis, at the ICT-UNESP. By means of an already standardized breeding protocol, when the caterpillars reach a weight of around 0.300 g they are used in the experiments.
Lactobacillus rhamnosus (live and heat killed), S. aureus and E. coli suspensions A standard strain of L. rhamnosus ATCC 7469 was seeded in Man-Rogosa-Shape Agar (MRS-Oxoid, Basingstroke, Hampshire, England) and grown at 37 °C in 5% CO 2 for 24 h. From the colonies isolated and confirmed by Gram staining, a suspension in sterile and pyrogenic PBS was standardized to the concentration of 10 8 cells/mL in a spectrophotometer with a wavelength of 540 nm. To obtain the heat killed probiotic suspension, part (10 mL) of the above suspension was autoclaved at 121 °C for 15 min and then centrifuged for 10 min at 5000 rpm and the pellet resuspended in sterile and pyrogenic PBS.
Standard strains were also used, kept in a freezer at − 70 °C in the Laboratory of Microbiology and Immunology of the São José dos Campos/UNESP Institute of Science and Technology, S. aureus ATCC 6538 or E. coli ATCC 25,922 seeded on BHI agar (M211-HIMEDIA) and from colonies isolated and confirmed by gram staining were standardized in PBS at 10 9 cells/mL in spectrophotometer. Before finding this concentration, an analysis of the susceptibility of G. mellonella to these microorganisms was carried out, and then the sub-lethal concentration of both bacteria was determined.
Survival curve
A hundred and eight larvae were used in the final stage of larval phase with with body weight of around 0.280-0.320 g, with 12 larvae per group. In the interaction between L. rhamnosus (alive or heat-killed) and pathogenic bacteria (S. aureus or E. coli), 10 μL of the standardized probiotic bacteria were inoculated with precision syringes (Hamilton Inc., USA) in the hemolymph of each larvae through the last left proleg. After 2.5 h, 10 μL of standardized suspensions of S. aureus or E. coli were inoculated in the last right proleg. For the control groups 10 μL of PBS were inoculated. A total of nine experimental groups were performed, as described in Table 1 . The number of dead G. mellonella was first recorded 18 h after inoculation of the microorganisms and then every 24 h and during 7 days after the beginning of the experiment. The larvae were considered dead when there was no movement to the touch. The death of all larvae of the experimental group or the transition to the pupal form determined the end of the experiment. 
Collection of haemolymph, total haemocyte count, analysis of haemolymph melanization and production of nitric oxide
Twenty-four hours after inoculation of the larvae, euthanasia (n = 12) was performed to collect hemolymph. The larvae were immobilized in refrigerated Petri dish for 20 min, then, with a scalpel blade, incisions were made in the ventral part. The larvae were squeezed, the hemolymph was removed, transferred to refrigerated microtubes, centrifuged at 9500×g/10 min at 4 °C and used for further analyzes. For total haemocyte count, the pellet resuspended in 1 mL of cooled IPS (sterile anticoagulant buffer: 150 mM sodium chloride, 5 mM potassium chloride, 10 mM tris-HCl, pH 6.9, 10 mM EDTA And 30 mM sodium citrate) was used. New centrifugation (9500×g/10 min at 4 °C) was performed and the pellet resuspended again in 1 mL of IPS and cell viability was assessed by exclusion test with tripan blue. Total haemocyte count was performed on a cell counter (Countess Cell-Invitrogen).
For the quantification of melanization, the supernatant diluted in IPS (10 μL of hemolymph in 40 μL of IPS) was added to 96-well plates (n = 8). After 5 min, the optical densities of the wells were read in spectrophotometer with a wavelength of 405 nm.
The concentration of nitric oxide was determined using Griess test. An aliquot of 100 μL of the hemolymph supernatant was diluted in 900 μL of IPS and 100 μL aliquots of the samples were placed in a 96-well microplate (n = 8). The same volume of Griess reagent was added and after 10 min, the absorbance was measured on a microplate reader with wavelength of 570 nm. Nitrite standard samples ranging from 100 to 0.781 μM, diluted in hemolymph of uninfected larvae, were used to calculate the nitrite concentration, forming a standard curve.
The survival curve and estimation of differences in survival were determined by Log-rank test (Mantel-Cox). The results of total haemocyte counts, hemolymph melanization analysis and nitric oxide production were statistically analyzed by ANOVA, complemented by Tukey test. The significance level adopted in all analyzes was 5% (p ≤ 0.05). All statistics were performed with GraphPad Prism 5.0 software.
Results
The numbers of dead larvae during S. aureus and E. coli infection at different times and experimental groups and survival percentage obtained at the end of the experiment are shown in Table 2 . Figure 1a , b demonstrate the survival curves of larvae, when inoculated with alive or heatkilled L. rhamnosus and only with pathogenic bacteria. There was no statistical difference among the groups, but it can be observed that when previously inoculated with the inactivated lactobacilli, there was an increase in the survival rate of larvae.
In the groups inoculated with alive lactobacilli and challenged by S. aureus (ALS), larvae mortality was statistically higher (p ≤ 0.05) than the group inoculated only with S. aureus (Sa). The reduction in mortality was also observed in the group inoculated first with alive lactobacilli and infected by E. coli (ALE), however, no statistical difference was found (p ≥ 0.05). In the groups only inoculated with alive L. rhamnosus (AL) or heat-killed (HK), there was a small mortality of larvae, differing statistically from the other groups (p ≤ 0.05).
In Fig. 2a , it was observed higher haemocyte count in the groups (ALS, ALE, HKS, HKE) previously inoculated with L. rhamnosus, alive or heat-killed, followed by inoculation with the pathogenic bacteria (S. aureus or E. coli), (p < 0.05) being statistically different from controls (Sa and Ec). Figure 2b shows the absorbance values found during the hemolymph melanization of larvae. It is possible to observe greater melanization in the groups stimulated with lactobacilli and infected with S. aureus or E. coli (ALS, ALE, HKS, HKE), differentiating statistically from the controls (p < 0.05) (Sa and Ec). The melanization in the group inoculated with S. aureus (ALS, HKS and Sa) was statically higher than those inoculated with S. aureus and heat-killed L. rhamnosus (Sa, HK and Control) (p < 0.05), which was similar to the group inoculated with E. coli (Ec) (p > 0.05). In the group stimulated only with alive L. rhamnosus (AL) the melanization was statistically higher than in the control group (Control) (p > 0.05). The group inoculated with heat-killed L. rhamnosus and infected with S. aureus (HKS) presented the highest optical density, with statistical difference when compared to all groups. This can also be observed regarding the production of nitric oxide (Fig. 2c) . The other groups (AL, ALS, ALE, HK, HKE) were statistically similar to the control group (p > 0.05). 
Discussion
Regarding the effects of alive or heat-killed L. rhamnosus on the response to S. aureus and E. coli, it can be observed that, although there is no statistical difference between the survival curves of the larvae, in the groups treated with heat-killed L. rhamnosus before pathogenic bacteria, the survival percentage of larvae increased. The same was not observed when the larvae were inoculated with alive L. rhamnosus, since it caused higher mortality when associated with pathogenic bacteria. The results also show that the mortality caused by inoculation of alive or heat-killed lactobacilli (12.5 and 8.39%, respectively) was not significant, being similar to the control (p ≤ 0.05). In addition, heat-killed L. rhamnosus assisted in the response to S. aureus and E. coli. It was possible to observe an increase in the survival rate of the larvae, which was not observed when lactobacilli were alive, resulting in higher larvae mortality. In a study using a probiotic strain of L. acidophilus alive and only its supernatant before infection with C. albicans in G. mellonella, the authors observed an increase in larvae survival. In addition, the number of C. albicans (CFU/mL) recuperated from larval hemolymph was lower in the group treated with L. acidophilus than in the control group, suggesting an increase in phagocytosis of this microorganism (Vilela et al. 2015) . In this study, the authors used a period of 1 h period between inoculations of the microorganism and in our study this interval was 2.5 h, since it was observed in previous in vitro studies, this is an optimal time for the induction of response in cell culture.
Insects do not have an adaptive response in the immune system, but they have an innate immune system that is based on recognition factors, which effectively and rapidly protects when there is an infection by microorganisms and parasites. This system includes cellular and humoral components that can be activated by invasion of foreign bodies, including pathogens (Hoffmann et al. 1995) . In the cellular defense mechanism, haemocytes are able to recognize the threats and react in three different ways against pathogens: phagocytosis, nodule formation or encapsulation (Shaurub 2012 ). In our study, a higher density of haemocytes was observed in the hemolymph of the larvae previously inoculated with alive or heat-killed L. rhamnosus and later with S. aureus or E. coli, suggesting a higher response in these groups. Fuchs et al. (2016) studied a prophylactic treatment with micafungin in G. mellonella infected with S. aureus (a pathogenic agent for which the antimicrobial does not demonstrate direct activity). The authors found that in the G. mellonella model, prophylactic treatment inhibited the action of pathogens and this was characterized by a 2.43-fold increase of haemocytes density, compared to larvae inoculated only with PBS. They reported that this increase occurred 4 h after infection, and that the haemocytes density decreased over time and 24 h after antimicrobial injection, the increase was no more significant compared to the group inoculated with PBS. In our study, the total haemocytes count in the hemolymph was performed 24 h after inoculation of the microorganisms and this could explain why a decrease was observed in this count in the group inoculated with alive or heat-killed L. rhamnosus. In addition, Gibreel and Upton, in 2013, reported that a synthetic antimicrobial peptide, which has potent activity against Gram-positive microorganisms, protected G. mellonella larvae from S. aureus infection, but did not increase the total count haemocytes after 24 h of infection. They concluded that defense against infection may have been achieved by increasing the rate of phagocytosis. Rajendran et al. (2015) studied the effect of acetylcholine on the pathogenesis of C. albicans in G. mellonella and demonstrated that acetylcholine protected the larvae from infection and that this protection occurred by improving the function of haemocytes, demonstrating an increase in the total haemocyte count. The authors reported that this increase was observed 4 h after infection and that in 24 h there was a decrease. This leads us to believe that the hemocyte density in the groups inoculated with the bacteria could be higher if the counting was performed in less time after infection. Even so, our study was able to demonstrate that probiotic suspensions were able to induce greater response in the larvae. It also helps us to standardize the methodology of infection and study of this model, aiming to make it a source of reliable results in the study of bacteria with probiotic effects.
Galleria mellonella has a humoral defense mechanism with components that are involved in the recognition or are directly responsible for the immune response. These components are responsible for the synthesis and release of various antibacterial peptides. In addition, there are also other humoral components, including lectins (hemagglutinins) and a melanin-phenoloxidase (PO) system responsible for the coagulation of hemolymph (melanization) and death of microbial invaders, as well as parasites (Shaurub 2012; Zdybicka-Barabas et al. al. 2014 ). In our study, this response was evaluated by means of haemolymph melanization and the results demonstrated that this immune response was triggered after inoculation of alive or heat-killed lactobacilli, with a greater melanization in the lactobacilli-stimulated groups, suggesting that the inoculation of the probiotic bacteria triggered the sequence of responses, without causing the larvae death, modulating its response. In the groups stimulated only with L. rhamnosus, alive lactobacilli caused greater melanization and when the bacteria were heat-killed, the melanization was not statistically different (p > 0.05) from the control group. Wand et al. (2013) , evaluated the response of G. mellonella to infection by several Klebsiella pneumoniae strains and reported that, in general, strains that caused a higher degree of mortality of larvae showed increased levels of melanization. Strains that stimulated low levels of melanization had an initial phenoloxidase (PO) activity, responsible for hemolymph coagulation, after 60 min, but this activity did not remain after 4 h, with the most virulent strains showing a significant increase in the levels of PO activity when compared to control group. These results corroborate with those found in our study, where it was shown that heat-killed L. rhamnosus only triggered the melanin-phenoloxidase (PO) system responsible for hemolymph coagulation (melanization) initially, but this 1 3 response was not maintained, causing a low degree of mortality of larvae. In addition, in our study, higher hemolymph melanization was found in the groups inoculated with S. aureus, in the period of 24 h, and this microorganism was shown to be the most pathogenic to the larvae, causing greater mortality and greater melanization of the larvae. These results demonstrate that heat-killed probiotic bacteria may induce a beneficial effect without causing damage to the host.
Regarding the production of nitric oxide, it could be observed that the only group in which there was higher nitric oxide production was the one infected treated with heatkilled L. rhamnosus and infected with S. aureus. It was also observed a decrease when the larvae were treated with L. rhamnosus and infected with E. coli, however, no statistical difference was found (p ≥ 0.05). The results for NO are in agreement with those found regarding melanization and haemocyte count. It could be observe that NO production was higher in the group treated with heat-killed probiotic, followed by the bacterium that showed to be more pathogenic. The groups in which heat-killed lactobacilli triggered hemolymph melanization, initially, had no maintenance of this response and when the larvae were infected with S. aureus the insect defense system recognized the threat and induced greater NO production, which is an important molecule in the immune response to microorganisms and parasites in insects. In addition, Semenova et al. (2014) reported that a quantitative analysis of NO production in insects is more complicated than in mammals due to a deceleration of metabolic activities and Whitten et al. (2007) observed that the NO-mediated immune response in insects is specific for each pathogen and that through inoculation of LPS, it was more remarkable in the body fat than in haemocytes.
Our study demonstrated that for this model of infection and under these experimental conditions, heat-killed L. rhamnosus was better at inducing a response and protection of larvae against S. aureus and E. coli. However, knowing that insects have very fast defense and metabolism systems, more studies are necessary ordering to evaluate whether adopting a shorter interval between inoculation of the microorganisms, the response of larvae to infection and the preventive effect of lactobacilli could be improved. In addition, it is known that the probiotic effect of bacteria is dose dependent, so other studies with different suspensions are necessary.
Through the results, we can observe the need for further studies of the effects of probiotic bacteria in G. mellonella, with different periods of infection and intervals between inoculations of probiotic and pathogenic bacteria. It was concluded that, for this infection model and under these experimental conditions, heat-killed L. rhamnosus ATCC 7469 promoted greater protection of larvae infected with S. aureus or E. coli.
